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SOME WNl'ER RELATIONS OF THREE WESTERN GRASSES.
I. THE TRANSPIRATION RATIO 1
Lowell F. Bailey
IN REGIONS of low rainfall, such as in the western
grasslands of the United States, plants useful for
soil conservation must not only be adapted to bind-
ing soil, but they must also be physiologically suited
to withstand periods of drought without excessive
injury. It is desirable that they should be economi-
cal in their use of the limited supply of moisture. In
this paper the transpiration ratios of three western
grasses commonly used for soil-conservation pur-
poses are considered.
Agropyron Smithii Rydb., Bromus marginatus
Nees., and Agl'opyron ciliare (Trin.) Franch. were
the grasses used in this study. The first two of these
are native to the western part of the United States
and have been shown to be good soil-conserving
plants in at least: certain restricted areas. They
produce good seed crops with a high percentage of
fertility, and their forage values are satisfactory
(Sampson, 1924). Agl'opyron ciliare is an Asiatic
species which has been introduced into the United
States and has been grown at several experiment
stations. All three species are perennials.
The term "transpiration ratio" is used in this
paper to indicate the ratio between the amount of
water transpired by the plant during its growth and
the weight of dry matter produced. This term is
synonymous with the "water requirement" of Briggs
and Shantz (1913b).
Br~ggs and Shantz and co-workers (Briggs and
Shantz, 1914, 1917; Shantz and Piemeisel, 1927;
Dillman, 1931) made extensive studies of the tran-
spiration ratios of plants adapted to the dry regions
of' the United States. Several grasses that occur
commonly in the Great Plains were included in their
investigations. Their work was done at Akron, Colo-
rado, Newell, South Dakota, and Mandan, North
Dakota. Ar;ropyron Smithii was found to be one of
the most extravagant plants, requiring more water
to produce a gram of dry weight than alfalfa and
considerably more than the grain crops. Agrop.yron
cristatum and Bromus inermis were somewhat more
efficient. The short grasses (Bouteloua gracilis and
Buchloe dactyloides) were very economical in their
use of water. Sorghum vulgare var. sudanense had
a low transpiration ratio. Several other investigators
have found this grass to be particularly economical
with respect to water utilization (Miller, 1916; Tu-
Iaikov, 1926; Ballard, 1933).
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Sampson and Weyl (1918) and Samnson (1919)
are the only other investigators who have reported
the transpiration ratio for any of the western grasses.
They obtained the value 1,339 for Bromus margina-
ius on eroded soil, and 1,110 on soil that had not been
eroded. Sampson also reports the transpiration ra-
tio for this grass as 803, 516, and 756 in oak-brush,
aspen-fir, and spruce-fir associations, respectively.
In each of these investigations the transpiration
ratios of the grasses studied were found, with a few
exceptions, to be materially higher than those for
other types of plants characteristic of the western
grasslands. However, Sampson (1919) pointed out
that the root growth of grasses forms a much higher
percentage of the total plant growth than does the
root growth of crop plants, such as wheat and peas.
Consequently, the common practice of using only the
dry weight of tops produced as a basis for the tran-
spiration ratios of such plants gives misleading re-
sults, unless forage production alone is being con-
sidered.
METHODs.-Experiments of 1937.-In these ex-
periments plants were grown in sealed impermeable
pots which were weighed frequently to determine the
quantity of transpiration. At the time of each weigh-
ing the transpired water was replaced, and at the end
of the growing season the total loss of water was
computed. The transpiration ratio was obtained by
dividing the total transpiration by the dry weight
produced.
The potometers used were made of heavily gal-
vanized iron (fig. 1). They measured 35 em, in di-
ameter and 50 cm. in height and had a capacity of
about 35 kg. of oven-dry soil. The soil used was a
fertile sandy loam which had been prepared for
greenhouse purposes. The surface of the soil in each
can was covered with a disk of heavy cardboard
which had been thoroughly impregnated and coated
with paraffin. The melting point of this paraffin was
70°C. A preliminary experiment demonstrated that
this type of cover, when' sealed to the can with
Plasteline, did not allow measurable quantities of
water to evaporate from the soil. A disk of painted
cardboard placed over the cover prevented the melt-
ing of the paraffin on excessively warm days.
'Water was introduced into the pots through a
large-diameter glass tube which was situated near
one edge of the pot. One end of this tube passed
through the paraffined cover, and the other end ter-
minated in the soil with a U-shaped extension, the
two arms of which followed the contour of the pot
for several inches. The ends of the U-tube were en-
closed in galvanized-iron wire gauze wrapped in
absorbent paper which served as a wick to disperse
the water rapidly. The U-tubes with the wicks were
buried in a one-half inch layer of sand which fur-
ther aided in dispersing the water rapidly and evenly
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throughout the pot. Each of the pots was equipped
with two of these watering systems placed at dis-
tances of one-third and two-thirds of the total depth
of the pot. Thus the water was introduced at two
levels and at four different points (fig. 1). A vial
was kept over the inlet tube except at times when
water was being introduced. This system of watering
was found to be very satisfactory, and it is believed
that the moisture was distributed evenly through thc
soil, since the roots penetrated every portion of the
soil, and there was no tendency for them to mass at
the wicks.
All the grasses used in these experiments were
grown from seed collected in northern Colorado. A
single small seedling; was transplanted into each
potometer, six potometers being used for each spe
cies. The use of seedlings at the beginning of the
experiment introduces a small error into the growth
factor of the transpiration ratio. In order to correct
for this, five seedlings for each species were dried
at the time of transplanting and the average dry
weight determined. This was subtracted from the
final dry weight produced in each potometer during
the experimental period. Uniform seedlings were
chosen for the transplanting and for the initial dry-
ing.
Fig. 1. Potomcter with watering device. m, modeling
clay; c, paraffined cover; w, wire wick; t, glass tube.
The potometers were left in the greenhouse for
two weeks following planting, after which they were
removed to the field site of the experiments. This site
was located in an exposed portion of the Botanical
Gardens of the University of Michigan. It consisted
of a trench 35 feet in length and 4 feet in width, the
long axis extending from east to west (fig. 3). The
walls were lined with boards, and a wooden plat-
form covered the floor. The trench had sufficient
depth to permit the tops of the cans to be level with
Fig. g (above). Representative grasses grown during
1937. Pot 85, Agropyron Smithii; pot 70, Agropyron
ciliare ; pot 81, Bromn..• marf lnatu .•j pot 30, A.'fl·op!/roll
clliare j pot 41, Bouteloua .flracilis. The transpiration ratios
for the last two potometers are not reported.
Fig. 3 (below). General view of the field site of the
transpiration-ratio experiments conducted in 1937 and
1938.
the soil surface. All the potometers were placed in a
compact row along the walls in such a manner that
direct sunlight did not strike the sides of the cans.
Transpiration was determined daily except when
atmospheric conditions were such that transpiration
was small. The cans were weighed on small plat-
form scales which had a capacity of 120 kg. and
which were sensitive to 15 grams. The potometers
were moved by hand to the scales. This was facili-
tated by mounting the scales on a rolling platform.
Losses of water were replaced at the time of weigh-
ing with cistern water.
During the course of the experiment soil mois-
ture in the potometers was maintained at 25 per cent
of the dry weight of the soil. Since the moisture-
holding capacity of the soil averaged 52+2.6 per
cent, this moisture content represented a near-opti-
mum condition for plant growth and permitted free
aeration of the soil.
The duration of the experiment was approximate-
ly 115 days. At the conclusion of this period the
grasses were cut even with the soil surface, and the
tops were dried to constant weight at 98° to 100°C.
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Representative potometers for this series of experi-
ments are shown in figure 2.
Experiments of 1938.-In general, the experi-
mental procedures in 1938 were similar to those of
the preceding year. The potometers were sealed and
watered in the manner described for the experiments
of 1937, and the species of grasses were the same
for both years.
Most of the plants were grown in the greenhouse
soil; however, it seemed desirable to grow some in
a soil taken from the native habitat of these grasses.
Fort Collins loam was selected for this purpose, and
a shipment was obtained from Fort Collins, Colo-
rado. This soil consists of a brown loam to a depth of
about 10 inches. Below this is a chocolate brown
compact silt loam approximately 9 inches deep.
Plant roots are abundant in these two layers. The
third layer, beginning at a depth of about 19 inches,
is a dull brown silty clay loam flecked with white
spots of lime. Very few roots penetrate into the third
layer. This layer extends to a depth of about 33
inches. None of the subsoil below this level was used
in these experiments. The A horizon of this soil may
be considered as extending to a depth of 19 inches,
and the B horizon from 19 to 33 inches. The two
horizons were kept separate and at the time of pot-
ting were placed in their respective positions in the
pots.
It has been shown repeatedly that the transpira-
tion ratio is higher in an infertile soil than in a fertile
one (Briggs and Shantz, 1913a, 1913b, 1914; Kies-
selbach, 1916). Consequently, chemical analyses
weremade of the greenhouse soil and the Fort Col-
lins loam in order to obtain an indication of the rela-
tive productivity of the two soils. The tests that
were used give semi-quantitative information on the
nutrient elements present in a dilute-acid.extract of
the soil (Spurway, 1938).
These tests indicated that nitrates, sulphates, am-
monia, potassium, calcium, and magnesium were
plentiful in both soils, the nitrates being especially
abundant in Fort Collins loam. Phosphorus was low
in the greenhouse soil, but moderate amounts were
present in the loam. Aluminum, iron, and manganese
were present in small but adequate quantities in
both soils.
Two degrees of soil moisture were maintained in
the experiments of 1938. These were chosen to rep-
resent intermediate and low levels, as indicated by
the moisture-holding capacities and the wilting co-
efficients of the soils. Shantz (1925, 1927) has
stressed the importance of using soil moistures de-
termined by such soil constants, rather than mois-
ture levels based only on abstract numerical rela-
tionship-i.e., percentages of 100, 80, 60, etc. The
moisture-holding capacity was determined as the
amount of water retained by the soil againt the force
of gravity. The wilting coefficients were determined
indirectly from the moisture equivalents of the soils,
using the method of Briggs and Shantz (1912).2
These authors define the moisture equivalent as the
2Moisture-equivalent determinations were made by the
Bureau of Chemistry and Soils, United States Department
of Agriculture.
water-holding power of the soil against a force one
thousand times gravity. The moisture equivalent
divided by 1.8·1, gives thc wilting cocfficient of the
soil.
The moisture-holding capacities of the A and B
horizons of the Fort Collins loam, expressed as per-
centages of the dry weights of the soils, were 47.3
and 49.5, respectively; for the greenhouse soil the
figure was 52.4 per cent. In the same order the mois-
hue equivalents were 24.6, 28.0, and 29.8 per cent,
and the wilting coefficients were 13.4, 15.2, and 16.2
per cent.
The degree of soil moisture chosen as represent-
ing intermediate conditions was 30 per cent of the
dry weight of the soil for the greenhouse soil and 27
per cent for the loam soil. Each figure is slightly
lower than the moisture level exactly midway be-
tween the wilting coefficient and the moisture-hold-
ing capacity of that particular soil. The low level
of soil moisture, used only with the greenhouse soil,
was 19 per cent of the dry weight of the soil. This
figure is just slightly above the wilting coefficient
for that soil.
Each of the three species of grasses was planted
in six cans containing the. greenhouse soil and in
three cans containing Fort Collins loam. Of the six
cans containing the greenhouse soil for each species,
three were adjusted to the lower level of soil mois-
lure, and the other three were brought to the higher
level. All the cans containing Fort Collins loam were
adjusted to the degree of soil moisture considered as
being intermediate.
The method of admitting water to the pots was
essentially the same as in the experiments of 1937.
In all the pots which were to be maintained at the
higher level of moisture, two of the watering devices
were installed. For those potometers which were to
be kept just above the wilting coefficient, three
watering tubes were used. Shantz (1925, 1927) has
shown that frequently a large part of the soil mass
in potometers is never replenished with water and
that in such experiments a considerable source of
error is introduced. The admission of water through
three tubes, and consequently at six well-separated
points in the cans, was an effort to reduce this error.
The field site and the arrangement of the potome-
ters for the experiments of 1938 was the same as
that for the preceding year (fig. 3). Transpiration
was measured every other day, and cistern water
was added at the time of each weighing.
All plants grew satisfactorily (fig. 1-6) and were
mature late in August when they were harvested.
The tops were removed at the soil surface and dried
to constant weight at 98 0 to 100 0 C. The roots were
also harvested by washing them free of soil with a
gentle stream of water. Their dry weights were de-
termined in the same manner as the dry weights of
the tops. The rhizomes of Agropyron Smithii were
included with the roots of this grass.
RESULTS AND nrsccssrox.e-c'I'hc transpiration ra-
tios of the three grasses for 1937 and 1938 are
summarized in tables 1 and 2. These table show that
Agrop,yron ciliare used the smallest amount of water
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to produce a gram of dry tops under each condition,
while Agropyron Smithii was consistently most ex-
travagant in the usc of water to produce tops.
Although the differences between the transpiration
ratios for the three grasses are not large, neverthe-
less they are substantial in most instances.
The transpiration ratios for the three grasses at
30 per cent soil moisture in 1938 were somewhat
higher than the values obtained at 25 per cent soil
moisture in 1937. This was probably due in part to
the higher moisture level maintained during 1938;
however, it would be expected that differences in
climatic conditions prevailing during the two years
would cause the transpiration ratio to vary.
Weekly evaporation from white and black spheri-
cal atmometers in 1937 averaged 202 cc. and 292 cc.,
respectively; in 1938 the figures, in the same order,
were 184 cc. and 281 cc, The average relative hu-
midity was 74.7 per cent in 1937 and 68.0 per cent
in 1938. There were 8.33 inches of rainfall in 1937
and 7.34 inches in 1938. The daily average velocity
of the wind was 2.1 miles per hour in 1937 and 1.9
miles per hour in 1938. In 1937 the mean daily air
temperature was 21.4°C. The mean daily maximum
and minimum temperatures were 27.5°C. and
IS.8°C., respectively. In the same order the figures
for 1938 were 20.9°C., 26.0°C., and 16.3°C.' Light
intensity, measured during the early afternoon of
each day with a Macbeth illuminometer, averaged
9,028 foot candles in 1937 and 8,382 foot candles in
1938. All measurements of climatic conditions werc
made at the height of the experimental plants.
Several investigators have found that differences
in the transpiration ratio correlate well with differ-
ences in evaporation (Briggs and Shantz, 1913b,
19B, 1917; Kiesselbach, 1916; Dillman, 1931). In
these experiments the transpiration ratios were
somewhat higher in 1938 than in 1937, but the week-
ly average evaporation from the white spheres de-
creased from 202 in 1937 to 18·1< in 1938. Evapora-
tion from the black spheres, relative humidity, rain-
fall, wind velocity, temperature, and light intensity
were also somewhat lower in 1938 than in 1937. With
the exception of relative humidity, all climatic con-
ditions favored higher transpiration in 1937; yet,
the transpiration ratios were lower in 1937 than in
1938. The slightly higher moisture level in the sec-
ond year appears to have caused the increase in the
transpiration ratios.
Briggs and Shantz (19B) found the transpira-
tion ratio for Agrop.1jron Smithii to be 1,076±29 at
Akron, Colorado, in 1913. Dillman (1931) obtained
the figures 1,247+31 and 1,420 for this species at
Newell, South Dakota, in 1913 and 1914, respec-
tively. These values are much higher than the ones
obtained in these experiments for this species. The
explanation for the marked disagreement between
the results of this investigation and those of the
western investigations is found in the different
meteorological conditions prevailing in the two re-
gions. Evaporation and the average wind velocity
are much higher in the northern Plains region than
in southern Michigan. The mean daily temperatures
\'
Fig. 4-6.-Fig. 4. AfJl'op.,/ron cilim'o potometers grown
in 1938.From left to right, greenhouse soil and 19 per cent
soil moisture; greenhouse soil and 30 per cent soil mois-
ture; Fort Collins loam and 27 per cent soil moisture.-
Fig. 5. Bromus marqinatus potometers grown in 1938.
From left to right, greenhouse soil and 19 per cent soil
moisture; greenhouse soil and 30 per cent soil moisture;
Fort Collins loam and 27 per cent soil moisture.-Fig. 6.
A.ql·op.1Jron Smithii potometers grown in 1938. From left
to right, greenhouse soil and 19 per cent soil moisture;
greenhouse soil and 30 per cent soil moisture; Fort Col-
lins loam and 27 per cent soil moisture.
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for the two areas do not differ significantly, but the
average relative humidity is somewhat lower at
Akron, Colorado, than that found in these experi-
ments. Since the climatic conditions in Colorado and
South Dakota favor high transpiration, it is to be
expected that the transpiration ratios obtained in
these localities would be higher than those reported
here.
The transpiration ratio, by definition, is an ex-
pression relating transpiration to total growth in-
crement; however, the practice of using only the dry
weight of tops produced has been generally adopted
as a basis for the expression. When forage produc-
tion alone is being considered, this is a satisfactory
procedure. In experiments in which no particular
portion of the plant is being considered, such as
forage, grain, roots, or tubers, it is desirable that the
transpiration ratio should be based on total plant
growth. Such an expression would also facilitate
comparison of the transpiration ratios for these sev-
eral types of crop plants. Sampson (1919) found
that Bromus marqinaius produced 17.6 per cent of
its total growth as roots, as compared to 2.5 per cent
for field peas and 3.2 per cent for wheat. A compari-
son of the transpiration ratios for these three plants
gives misleading results, if only the tops are included
in the 'calculation.
In the experiments of 1938 both roots and tops
were harvested and kept separate during the proc-
ess of drying. In the case of Agropyron Smithii the
rhizomes were included with the root harvest. The
proportions of the total dry matter produced as roots
(and rhizomes) and tops are given in table 2.
The grasses used in this investigation produced a
very large part of their total growth underground.
In most instances the roots approached 50 per cent
of thc total growth. In the case of AgroPllron Smithli
the inclusion of rhizomes with the roots brought the
percentage of subterranean growth to over 60 per
cent. Agropyron ciliare produced a smaller part of
its total growth as roots, the figures for this species
being slightly less than 50 per cent.
When total plants were considered, in computing
the transpiration ratios, Agropyron Smithii was
most economical (table 2). On the basis of tops
alone, this species was most extravagant. The high
percentage of its total growth produced under-
ground accounts for this difference. Bromus margi-
natus was least efficient in the use of water on the
basis of total plants. The transpiration ratios based
on total plants for the three grasses studied here are
about half those values obtained with the tops alone
in almost every instance.
It is not likely that the percentages of the total
growth produced underground in these potometer
experiments can be considered as a measure of those
that would result under western field conditions;
however, it seems probable that the roots of these
grasses would comprise a significant proportion of
their total growth in their native habitats. Unless a
particular portion of the plant, such as forage or
grain, is being considered, transpiration ratios for
grasses should be based on total growth. This is
especially true when plants are being evaluated for
their usefulness for soil-conservation purposes in
semiarid regions.
Two factors have been considered here which are
important in evaluating plants with respect to their
suitability for controlling soil erosion-viz., the
proportion of their total growth produced under-
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79 36.7 14.5 394
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75 31.9 15.6 499
76 30.6 14.3 468
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78 55.1 90.4 370
79 39.4 14.0 431
l~ean ~~.~ ~~:~ ~~~±19
66 36.6 13.3 364
89 93.5 19.8 543
83 94.9 11.9 464
8,t 19.3 9.3 480
85 95.7 19.6 488
86 95.9 11.9 473
Mean 469±91
• The standard error is given for all means.
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ground and the ability to use water economically.
Frequently it is recommended that grain crops
should be used in soil-conservation projects; how-
ever, Sampson (1919) has pointed out that plants
such as wheat have small root systems. From this
standpoint, wheat is inefficient in stabilizing soil.
On the other hand, the three grasses used in this in-
vestigation produced about one-half of their total
growth underground. This high proportion of under-
ground growth would indicate that these plants are
superior to wheat with respect to their ability to bind
soil.
It is true that most grasses are not so efficient as
wheat and other small grain crops in the utilization
of water (Briggs and Shantz, 1914 j Dillman, 1931),
even when roots are included in the determination of
the transpiration ratio (Sampson, 1919). However,
where stabilization of soil is of prime importance,
the lack of efficiency in water utilization of the
grasses is far outweighed by their marked superi-
ority in the ability to bind soil.
The effect of the quantity of available soil mois-
ture on the transpiration ratio is shown in table 2.
These results are in agreement with those of pre-
vious investigators (Briggs and Shantz, 1913a;
Kiesselbach, 1916). They show that all three grasses
were considerably more economical at 19"per cent
soil moisture than at 30 per cent. The relative tran-
spiration ratios of the three grasses are essentially
the same at the two moisture levels.
The transpiration ratios for the three grasses
grown in Fort Collins loam are given in table 2. All
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a Includes rhizomes of A.qropyron Smithii.
b The standard error is given for all means.
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three species required more water to produce a gram
of dry material with Fort Collins loam than with the
greenhouse soil.
In view of the chemical analyses of the two soils,
these results were not in agreement with the results
that were anticipated. Available nitrogen was more
abundant in the native loam soil than in the green-
house soil. No deficiencies in nutrients were detected
in either soil. From the standpoint of nutrients the
Fort Collins loam was probably better supplied than
the artificial soil. On this basis it would be expected
that the transpiration ratios would be lower with the
native soil than with the artificial soil, since the
transpiration ratio decreases with an increase in
fertility of soils (Briggs and Shantz, 1913a inKies-
selbach, 1916).
A possible explanation of these unexpected results
with Fort Collins loam is that 27 per cent soil mois-
ture was not an optimum level for this soil. This
moisture content is slightly lower than the moisture
level exactly midway between the wilting coefficient
and the moisture-holding capacity and was chosen
to represent a favorable moisture level for growth.
However, the plants growing in the loam soil at 27
per cent soil moisture did not do so well as did those
growing in the greenhouse soil at 30 per cent soil
moisture. It was not definitely ascertained that the
soil moisture in the loam was too high for optimum
growth i however, if this were true, the higher tran-
spiration ratios with this soil would be expected,
since the transpiration ratio increases with increas-
ing soil moisture (Briggs and Shantz, 1913a; Kies-
selbach, 1916).
SUMMARY
The transpiration ratio has been determined for
three grasses suitable for use in soil conservation
projects in the semiarid grasslands of the United
States. The grasses used were Agropyron Smithii,
A. ciliare, and Bromus marqinaius, Plants were
grown in large sealed metal cans, to which water was
added frequently. The experiments were conducted
under field conditions in an exposed site during 1937
and 1938.
The transpiration ratio-that is, the ratio be-
tween the amount of water transpired by the plant
during its growth and the weight of dry matter pro-
duced-is expressed both on the basis of top growth
and total plant growth. The figures based on total
plants are about 50 per cent lower than those based
on tops alone. Since roots (and rhizomes) comprised
about one-half of the total growth of these grasses,
their transpiration ratios should be based on total
growth, at least when evaluating them for soil-con-
servation purposes in semiarid regions.
Agropyron Smithii was most efficient in the use of
water when total plants were considered. On the
basis of tops alone it was least efficient. Agropyron
ciliare had the lowest transpiration ratio on the basis
of tops produced but compared less favorably with
the other two species when total plants were consid-
ered. Bromus marqinaius used water inefficiently un-
der all conditions. (See table 2.)
Although these grasses are less efficient in the use
of water than grain crops such as wheat, their
marked development of subterranean growth makes
them superior plants for soil conservation.
The three grasses used water more economically
at 19 per cent soil moisture than at 30 per cent soil
moisture. The transpiration ratio for each species
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